Human exposure to carcinogenic Cr(VI) compounds is found among workers in a large number of professional groups, and it can also occur through environmental pollution. A significant number of toxic waste sites contain Cr as a major contaminant. In this paper we summarize our efforts to apply measurements of DNA-protein cross-links (DPC) as a test for biologically active doses of Cr(VI). DPC were found at elevated levels in lymphocytes in several human populations with low to medium Cr exposures. At high exposure to Cr(VI), exemplified by a group of Bulgarian chromeplaters, DPC plateaued and adducts' levels were similar to those found in environmentally exposed individuals. Lymphocytic DPC correlated strongly with Cr levels in erythrocytes that are indicative of Cr (VI) 
Introduction
Epidemiologic studies have consistently shown that human exposure to hexavalent Cr compounds (chromates) is associated with a higher incidence of respiratory cancers (1, 2) . Cr(VI) compounds are potent carcinogens in animals, as well as mutagens in bacterial and mammalian cell-based mutagenicity assays (3) (4) (5) . Cr(VI) readily enters all types of cells through a general anion channel, leading to a significant intracellular accumulation of this metal (6, 7) . Chromate is isostructural with phosphate and sulfate anions, which is the basis for its rapid transport into cells and penetration into many tissues. Intracellularly, Cr(VI) undergoes reductive metabolism, ultimately forming Cr(III) (8, 9) . Because of extremely tight binding of Cr(III) by intracellular macromolecules, a significant portion of Cr(III) becomes trapped inside the cell for long periods of time (10) . Several radical species, as well as Cr(V) and Cr(IV), have been detected during the reduction of Cr(VI) in vitro (11) (12) (13) (14) . Although numerous cellular constituents were capable of reducing Cr(VI) in vitro, in vivo reduction of Cr(VI) is believed to be driven by ascorbate and nonprotein thiols such as glutathione and cysteine (8, 15, 16) . Formation of Cr(III) in cells leads to the induction of stable ternary DNA adducts that include proteins, glutathione, or selected amino acids crosslinked to DNA by Cr(III) (17) (18) (19) .
According to recent estimates, more than 300,000 U.S. workers are potentially exposed to Cr and Cr-containing compounds in the workplace (20). Workers among approximately 80 professional groups can experience Cr exposure. The highest levels of occupational exposure to Cr and its compounds are typically found among stainless-steel welders, chromeplaters, and chromate-production workers (1, 2, 20 (37, 38) . The most important factor in the reproducible measurements of DPC by this assay was effective shearing of SDS-lysed cell samples (37) . Although the K-SDS assay cannot be considered specific for Cr-induced DPC, we were able to eliminate many aldehydeinduced cross-links by heating of cell lysates prior to the cross-link analysis (39) .
Measurements of DNA-Protein Cross-Links in Human Populations
The potential utility of DPC measurements in assessment of human exposure to toxic Cr compounds has been tested in different groups of individuals who were either occupationally exposed to Cr(VI) or who lived in Cr-contaminated areas (summarized in Table 1 ). Our first study group included metal-arc welders (mild-steel welders) experiencing exposure to Cr via inhalation of welding fumes (40) . The data demonstrated a significant increase in DPC in the total white blood cells of welders as compared to local controls. It should be noted that mildsteel welders are considered a relatively low Cr-exposure group. The increase in DPC in the welder group might have been more significant had we used lymphocytes in place of total white blood cells. Approximately 60% of total white blood cell population are granulocytes that stay in the bloodstream only for a few days; therefore, these cells could not experience significant Cr exposure. Significant increases in the number of lymphocytic DPC among welders were also reported by other investigators (41, 42) .
DPC were also measured in lymphocytes of highly exposed chrome-platers and two groups of control subjects from Bulgaria (43) . Individual internal doses of Cr were estimated on the basis of Cr measurements in urine, erythrocytes, and lymphocytes. Lymphocytic DPC correlated strongly with Cr levels in erythrocytes at low and moderate exposures; however, no correlation was found with urinary Cr (44) .
In all human studies DPC values were not affected by weight, age, race, gender, or smoking among both control and exposed populations (40) (41) (42) (43) (44) (45) (46) Human T lymphocytes, which represent more than 90% of total lymphocyte population, are estimated to have a life span of several years (52) . Because Figure 3 shows results of DPC measurements in EBV-BL cells exposed to two concentrations of potassium chromate. Cells were exposed for 3 hr and DPC were measured at different time intervals after chromate removal. Levels of DPC increased with time and these adducts do not seem to be repaired. At 100 pM chromate exposure, DPC appeared to rise almost linearly with 
